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Photoionization in atomic beryllium has been studied in detail near the 1s threshold. Multiple excitation to the 1s(2s2p
P) states, i. e. , conjugate shakeup, is found to be unusually strong, 40% of single
excitation. The P component rapidly loses strength with increasing photon energy, while the 'P component persists. The 1s2s2p states are highly aligned, as shown by the Auger-electron angular distribution. The A2 value of —
0.65 implies a d-wave contribution of 0. 39. Our results indicate that resonances
reported for the solid-state photoabsorption are of atomic origin.

'

PACS numbers:

32. 80.Dz, 32.80. I. b, 32.80. Hd

Following helium, beryllium is the most important
closed-shell atom which is simple enough to be theoretically tractable in a rigorous manner. Unlike helium, it
exhibits many-body properties of a system with more
than two electrons arranged in diAerent principal shells,
interactions in
and is a prototype for multiconfiguration
the ground state.
In the present work we emphasize
the many-body eAects, and their consequences, as they
manifest themselves in two-electron excitations in the
threshold region of 1s photoionization.
In particular,
these excitations involve P states, which, in contrast to
are not degenerate with S states, and which, in
He,
contrast to Li, ' can be clearly separated from S states
according to their multiplicity, namely 'P and P.
An important aspect of this study is its relationship to
measurements
of metallic Be. In that
photoabsorption
work, ' structure observed in the 1s threshold region has
not yet been interpreted, and the present results can indicate those features which are due to atomic eA'ects.
The experiments
were performed
at the Aladdin
storage ring with our previously described electron spectrometer. ' Photons exiting from a grasshopper monochromator interacted in a source cell with Be atoms produced in a Ta oven held at 1160 C. The bandpass of
the photon beam was 0.55(5) A and the resolution ts E/E
of the electron analyzers was 1%. Electron spectra were
in two analyzers set to 0 and
recorded simultaneously
90', or 55 and 145, with respect to the major polarization axis (P, =0.88). Both photoelectron and Auger
spectra were recorded, but the threshold data were derived entirely from Auger spectra. Possible diA'erences
between photoelectron
and Auger intensities due to
higher-order radiation were found to be negligible, less
than 3%.
The schematic of Fig. 1 depicts the major excitation
and deexcitation channels for the 1s photoionization
of
Be at low excess energy. The left-hand channels repre-
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sent the photoelectron lines with energies t. l to t. 3 for a
given hv and the resulting ionic states. The Auger-line
energies EA are given on the right, together with the
two-electron continuum.
As an example of an Auger
spectrum, we show in Fig. 2 the intensities recorded at
0 and 90 for hv =130 eV, together with line contours
of the Voigt fits to the data points. Shown are the main
Auger line, 1s2s
1s, corresponding to the singleelectron excitation, and the two clearly resolved Auger
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I IG. 1. Schematic diagram of major 1s excitation and deexcitation processes in Be, showing ionization limits and electron
continua. Energies listed are our measured values. Outer-shell
excitations are not shown.
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TABLE I. Energy levels of 1s excitation

TABLE II. Asymmetry
ls
ls(2s2p P)

in beryllium.

Ionic state

Energy (eV)

P
1s2s2p
s2s
1s2s2p P
P
1s2p
ls(2s2p 'P) 'P
ls(252p 'P) P
s2p22
(I s 2s 'S) 3s 'S

122. 3b
123.56'

'

1

2
3
5

6
7
8

9
10

'

125 3
125 9

'S) 3p P
'S) 3d D
(ls2s 'S)35 S

128. 1
130.3
135 1
138.1
138.7
139.9
140.5

(1 s 2s
(1 s 2s

11

parameters PA for Auger satellite
mbers are referred to a value of
Is2s~.
for the principal transition, ls'

'

lines

Number'
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P~=0. O

Nu.

hv (eV)

3p

128.6
130.0
132.0
135.0
140.0
150.0
160.0
175.0

1.3(2)
1.3(2)
1.4(2)
1.2(2)

lp
1.4(2)
1. 1(2)
1.3(2)
1.3(2)

0.9(3)
0. 3(3)

0.6(2)
0.6(3)
0. 2(3)

'States numbered

1 to 4 arise from transitions
1s
2p.
Calculated energies of Ref. 14, referred to 123.56 eV.
'Our determination referred to E(Xe 4d5/2) =67.54 eV.
Energies are from Ref. 15.

directly proportional

to the alignment

g~ o (J, M) [3M
contributes to both satellite channels below their thresholds, indicative of a resonance Raman effect. '
Although a number of excited states occur in the vicinity of the 125. 1-eV resonance (see Table I) according
to calculations ' and beam-foil experiments, ' we believe
it to be identical with the absorption line reported previously in a plasma source, ' namely ls(2s2p P)3s
two-electron excitation could then interfere with ionization of a 1s electron, giving rise to a slow photoelectron
(1.5 eV) and the 96.0-eV Auger electron we observe.
The only calculation'
of 1s photoionization places this
resonance at slightly lower energy. The shoulder at
about 127 eV can be assigned to the higher members of
the 1s (2s2p P) ns (or nd ), n
4, series. Photoabsorption spectra
of metallic Be display a resonance structure similar to the one we observed here for the atom. It
appears persuasive to assign the resonance in the metal
to the same two-electron process.
An important characteristic of these two-electron processes in Be is that they create an intermediate state that
is aligned. '
The alignment pertains to an excitedelectron state, rather than a hole state, which is produced
according to

This.

~

'So+hv~ ls(2s2p

' P)

P+e

(l

=s, d).

Alignment results in an anisotropy in the angular
bution of the Auger electrons, ' given by

distri-

(ls

2s )

dcr/d I),

= (o/4n) [1+(pA/4) (I + 3P, cos29) 1,

where 0 is the angle measured with respect to the quantization axis, taken to be the direction of linear polarization of the radiation, and P, is the polarization. The anisotropy is clearly seen in Fig. 2; our experimental values
are summarized in Table II.
For Auger decay into a state 'So, the parameter PA is

2738

J(J+ 1) g

A2, defined by

—J(J+ I ) ]
cr(J, M)

where o(J, M) is the population of the (J, MJ) magnetic
sublevel, equal to the cross section for production of that
level. From Table II the parameter A2 is equal to
—0.65+ 0.06 at the lower energies.
limits to the
have determined
Greene and Zare
alignment in an analysis which includes double excitations. For our case, the calculation gives a limit of
Aq= —1.0, or a PA value of 2. 0. A comparison can be
made between the 1 s 2s
1s2s2pel ionization/exci1s
tation in Be and the comparable
2pt. l ionin helium measured by Jimenez-Micr,
ization/excitation
If we assume that the two elecCaldwell, and Ederer.
trons in Be that are not actually undergoing the transition remain passive, then the He analysis can be applied
directly to this process. This implies that we can write
the alignment as a function of the ratio
g

= cT(2p, ed )/[cr(2p,

es ) + cr(2p, ed ) l,

where cr(2p, el) is the cross section for production of the
lth partial wave. Using this analysis, we obtain a ratio
39~0.08 for the contribution of the d wave near
This is a much larger d-wave contribution
threshold.
25. The alignthan was observed in He, where
ment retains this high threshold value in the region
where other excitation states may feed the decay. It decreases toward higher energies, where we expect the d
wave contribution to become even stronger.
In summary, this first study of atomic Be by use of
electron spectrometry has shown the importance of the
so-called conjugate shakeup processes in the 1s-threshold
region and the strong alignment of the resulting intertheoretical calculations
mediate states. Corresponding
are still lacking, but the relative simplicity of the system
should allow one to identify the important interactions
and obtain accurate results for comparison with experiment.

(=0.
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